Bacterial growth as a biofilm on solid surfaces is strongly associated with the development of human infections. Biofilms on native heart valves (infective endocarditis) is a life-threatening disease as a consequence of bacterial resistance to antimicrobials in such a state. Enterococci have emerged as a cause of endocarditis and nosocomial infections despite being normal commensals of the gastrointestinal and female genital tracts. We examined the role of two-component signal transduction systems in biofilm formation by the Enterococcus faecalis V583 clinical isolate and identified the fsr regulatory locus as the sole two-component system affecting this unique mode of bacterial growth. Insertion mutations in the fsr operon affected biofilm formation on two distinct abiotic surfaces. Inactivation of the fsr-controlled gene gelE encoding the zinc-metalloprotease gelatinase was found to prevent biofilm formation, suggesting that this enzyme may present a unique target for therapeutic intervention in enterococcal endocarditis.
Bacterial virulence is one of many adaptive responses generally believed to be controlled through signal transduction mechanisms (39) . Signal transduction in bacteria is mainly the prerogative of the so-called two-component systems consisting of a sensory histidine kinase that senses the signal and relays the adaptive response through the transfer of a phosphoryl group to a response regulator, generally a transcriptional regulator, that modulates gene expression in response to the signal received. Two-component signal transduction pathways are responsible for controlling gene expression in a wide variety of cellular processes including sporulation, virulence, biofilm formation, and antibiotic production and resistance (for reviews, see references 15 and 28) . A total of 17 two-component systems and one orphan response regulator have been identified on the genome of the Enterococcus faecalis strain V583 (14) . In a study aimed at the systematic inactivation of all two-component systems present in E. faecalis and the analysis of their role in virulence, we identified the fsr system as the only one affecting biofilm formation when inactivated (our unpublished data).
The fsr regulatory locus is comprised of three genes, designated fsrA, fsrB, and fsrC ( Fig. 1) (33) . Recently, this system has been identified as a quorum-sensing locus which responds to the extracellular accumulation of a peptide lactone encoded at the C terminus of the FsrB protein (27) . Accumulation of the peptide in the extracellular space is likely sensed by the FsrC histidine kinase, leading to the activation of the response regulator and transcription factor FsrA. The fsr system and the products of the genes it regulates have been shown to be important for virulence in several infection models, including mouse peritonitis, Caenorhabditis elegans infection, and rabbit endophthalmitis (26, 32, 37) . The FsrABC proteins are necessary for the production of two secreted proteases, gelatinase (GelE) and serine protease (SprE) (33) . Here, we show that the E. faecalis fsr quorum-sensing system controls biofilm development through the production of gelatinase.
(The data reported here were partially presented [L. E. 
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. E. faecalis strains and plasmids used in this study are listed in Tables 1 and 2 . Strains were cultured in Todd-Hewitt broth (THB), brain heart infusion broth, or M17 medium (Difco Laboratories). Escherichia coli DH5␣ was used for plasmid constructions and propagation. Strains were cultivated in Luria-Bertani broth. Antibiotics used for selection in E. coli and E. faecalis were spectinomycin (150 and 1,000 g/ml, respectively) and tetracycline (15 g/ml). Screening for gelatinase production was carried out on THB agar plates containing 3% gelatin or 1.5% skim milk. Zymography to detect serine protease activity was carried out as described previously by Qin et al. (32) . Electroporation was carried out as described previously (8) .
Construction of insertion mutations. The insertional inactivation vector p3TET was constructed from p3ERM (4) by replacing an MfeI/NaeI fragment carrying the erythromycin resistance determinant with the tetM gene from plasmid pFW16 (30) . PCR products were obtained from the amplification of V583 genomic DNA with the primers indicated in Fig. 1 and Table 3 . To obtain an internal fragment of fsrA, primers RR15P1 and RR15P4 were used, and a 622-bp internal HincII/RsaI fragment was ligated to p3TET digested with SmaI, resulting in plasmid pML15. For fsrB, primers RR15P3 and RR15P4 were used for amplification. The product was digested with BsmAI followed by Klenow treatment and then restricted with Sau3AI to liberate a 460-bp internal fsrB fragment which was ligated to p3TET cut with BamHI and SmaI, resulting in pML19. For fsrC, the PCR product obtained with primers RR15P3 and GELE3 was digested with NheI and Sau3AI, and a 528-bp internal fragment was ligated to p3TET cut with BamHI and XbaI, resulting in pML20. For gelE, primers GELE5 and GELE3 were used for amplification. The product, cut with BglII and RsaI to generate a 522-bp internal gelE fragment, was ligated to p3TET cut with BamHI and SmaI, resulting in pML21. For sprE, primers GELE5 and SPRE3 were used for amplification. A 444-bp XmnI/EcoRV internal sprE fragment was purified and ligated to p3TET cut with SmaI, resulting in pML22. All constructs were verified by sequence analysis. The resulting constructs were electroporated in E. faecalis V583 followed by selection for tetracycline on THB plates. The insertions were confirmed by diagnostic PCR. The growth curves and stability of singlecrossover insertions were determined for cultures grown in liquid medium as previously described (42) .
Complementation studies. To complement the fsrA mutation of strain JML101, a 2.0-kb EcoRI/SphI fragment was recovered from the PCR amplicon obtained by using primers RR15P1 and RR15P4. The fragment was cloned into the shuttle vector pAT28 (44) cut with EcoRI and SphI, resulting in plasmid pML23. Transformation of E. faecalis JML101 with pML23 resulted in strain JML107. For complementing the gelE mutation of strain JML104, two separate plasmids were constructed by ligating the 2.4-kb NheI/BamHI restriction fragment, recovered from the PCR product generated by using primers RR15P3 and GELE3, and the 3.5-kb NheI/BamHI fragment, recovered from the PCR product generated by using primers RR15P3 and SPRE3, to pAT28 cut with XbaI and BamHI, obtaining plasmids pML26 and pML27, respectively. Transformation of JML104 with pML26 and pML27 resulted in strains JML109 and JML110, respectively.
To complement E. faecalis strain FA2-2 for biofilm production, plasmid pML24 was constructed by ligating a 4.5-kb EcoRI/BglII fragment, obtained from the amplicon generated by using primers RR15P1 and SPRE3, to pAT28 digested with EcoRI and BamHI. Plasmid pML25 was obtained by ligating a 6.8-kb EcoRI/BamHI fragment, generated by using primers RR15P1 and SPRE3, to pAT28. Plasmid pML29 was constructed by ligating the 1.6-kb BamHI fragment from the PCR product, obtained by using primers GELE5 and GELE3, to pML28 cut with BamHI. Plasmid pML28 is a derivative of pAT28 carrying a 369-bp EcoRI-BamHI fragment containing the aphA-3 promoter from pTCV-lac (31). Plasmid pML30 was constructed by ligating the 2.8-kb BamHI fragment from the PCR product obtained by using primers GELE5 and SPRE3 to pML28. FA2-2 was transformed with pAT28, pML23, pML24, pML25, pML28, pML29, and pML30, obtaining strains JML111, JML112, JML113, JML114, JML115, JML116, and JML117, respectively. These strains were screened for protease complementation by streaking colonies onto THB skim milk agar plates.
Sequence analysis of PCR products. The fsr region was amplified from chromosomal DNA of E. faecalis strains FA2-2 and V583 by using PCR Supermix High Fidelity enzyme (Invitrogen, Carlsbad, Calif.) with primers RR15P3 and GELE3 (Table 3) . Sequencing reactions were carried out directly on the PCR products, and the results were compared to the V583 genomic DNA sequence available on the Institute for Genomic Research website (http://www.tigr.org).
Biofilm assay on polystyrene microtiter plates. Biofilm formation on polystyrene was quantified with the crystal violet staining method essentially as previously described (43) . Each assay was performed in triplicate and repeated twice. For 48-h biofilms, cultures were grown in M17 medium for 24 h in the microtiter plate, at which time medium was removed and the adherent film was rinsed three times with phosphate-buffered saline (PBS) before the addition of fresh M17 medium. After an additional 24 h of growth, the biofilms were processed as described above.
Confocal laser scanning microscopy. Confocal microscopy was performed on E. faecalis biofilms grown on glass coverslips. Sterile glass coverslips were placed on the bottom of 6-well tissue culture plates and submerged with 5 ml of M17 broth, seeded with a 1:100 dilution from an overnight culture (approximately 5 ϫ 10 6 to 10 ϫ 10 6 CFU), and grown for 24 h at 37°C. For 48-h biofilms, cultures were grown for 24 h, at which time medium was removed and the adherent film was rinsed three times with PBS before the addition of fresh M17 medium. The FIG. 1. Genetic organization of the E. faecalis V583 fsr locus which includes fsrA (response regulator), fsrB (signaling peptide), fsrC (histidine kinase), gelE (gelatinase), and sprE (serine protease) (32) . The open arrows specify the coding region of each gene. The gene designated orf1 encodes a putative N-acetylmuramidase; only the 3Ј end of the gene is shown. The extents of the fragments cloned in the plasmids are indicated by the solid lines. For plasmids pML29 and pML30, the aphA-3 promoter was cloned upstream of the fragment shown, and it is depicted as an elevated arrow. The small solid arrows represent the position of the oligonucleotide primers used in the study. The positions of the promoters identified in this region are indicated by arrows and the symbols Pa, Pb, and Pe. Only restriction sites relevant to this study are shown. Restriction sites in parenthesis were introduced by the oligonucleotides used in PCR amplification reactions. Restriction enzyme symbols: EI, EcoRI; H, HincII; R, RsaI; Sa, Sau3A; Sp, SphI; Bs, BsmAI; N, NdeI; Ba, BamHI; Bg, BglII; X, XmnI; EV, EcoRV.
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optical density (OD) of the cultures was measured at the 24-h time point, and no differences were observed between the two strains. Both the 24-and 48-h biofilms were washed three times with PBS and then stained with 5 ml of acridine orange (100 g/ml) for 15 min at room temperature. Unbound stain was removed by gentle washing three times with PBS. The coverslips were mounted onto a microscope slide by using a Prolong Antifade kit (Molecular Probes) and sealed with clear nail polish. Slides were visualized by using an inverted confocal microscope (Zeiss Instruments). Gelatinase purification. Two liters of THB was inoculated with 20 ml of an overnight culture of E. faecalis strain JML116. Bacteria were grown as a standing culture at 37°C for 20 h. Cells were removed by centrifugation for 30 min at 15,000 ϫ g at 4°C. Nucleic acid present in the supernatant was removed by precipitation with 0.9% protamine sulfate by the dropwise addition of 200 ml of 10% protamine sulfate in 50 mM Tris-HCl and 1 mM CaCl 2 , pH 7.8. After 2 h of standing at 4°C, precipitants were removed by centrifugation (30 min at 27,500 ϫ g at 4°C). Gelatinase was precipitated from the remaining supernatant with ammonium sulfate at 60% saturation by slowly adding 858 g of ammonium sulfate powder to the 2.2 liters of supernatant. After overnight precipitation at 4°C, the mixture was centrifuged for 30 min at 27,500 ϫ g at 4°C. Pellets were resuspended in 200 ml of 50 mM Tris-HCl and 1 mM CaCl 2 , pH 7.8. The 200-ml sample was applied to a phenyl-Sepharose CL-4B column (2.5 by 17 cm) and washed with 6 column volumes of 50 mM Tris-HCl and 1 mM CaCl 2 , pH 7.8. The enzyme was eluted from the column by washing with 3 column volumes of 50% (vol/vol) ethylene glycol in 50 mM Tris-HCl and 1 mM CaCl 2 , pH 7.8. Fivemilliliter fractions were collected, and those fractions displaying protease activity on a 1.5% skim milk agar plate were pooled and dialyzed extensively against 50 mM Tris-HCl and 1 mM CaCl 2 , pH 7.8, with an M r cutoff of 12,000 to 14,000. The protein was concentrated to 4 ml with Centricon-10 membrane filters, and its purity was analyzed by sodium dodecyl sulfate (SDS)-acrylamide gel electrophoresis (Ͼ90% pure) and mass spectrometry (only the peak for gelatinase was detected). Amino acid sequence analysis of the first six amino-terminal residues revealed the correct sequence, VGSEVT, of the mature protein.
Site-directed mutagenesis. Plasmid pML29 was subjected to site-directed mutagenesis by using a QuickChange II site-directed mutagenesis kit (Stratagene, La Jolla, Calif.) and mutagenic primers E137A (5Ј TAG ATG TAG TTG GTC ATG CAA TGA CAC ATG GTG TGA C 3Ј) and E137A-antisense (5Ј GTC ACA CCA TGT GTC ATT GCA TGA CCA ACT ACA TCT A 3Ј) according to the manufacturer's recommendations. The resulting plasmid, pML31, which contains the nucleotide substitution GAA to GCA which results in a glutamic acid-to-alanine substitution at amino acid residue 137 in the mature gelatinase sequence, was confirmed by DNA sequence analysis.
Construction of expression plasmids. Plasmid vector pET21 (Novagen) was used for constructing plasmids pET-MATH6 and pET-E137AH6. Plasmid pET-MATH6 was constructed by cloning the PCR-amplified mature gelE coding sequence obtained by using primers MGELNT-NdeI (5Ј ATT TAA CGC ATA TGG TCG GTA GTG AAG TAA CG 3Ј) and MGELCT-XhoI (5Ј GAG ACT CGA GTT CAT TGA CCA GAA CAG ATT C 3Ј), modified to carry an NdeI site at the 5Ј end and an XhoI site at the 3Ј end (underlined), into the NdeI-XhoI sites of pET21. The amplicon contains an artificially introduced Met codon followed by the codon for valine, as the mature protease sequence is known to begin at . The XhoI site replaced the stop codon of gelE generating (Novagen) . One-liter cultures were grown at 37°C with shaking at 220 rpm in LB medium supplemented with 100 g of ampicillin per ml to an OD at 600 nm (OD 600 ) of 0.6 to 0.8. The cultures were induced with isopropyl-␤-D-thiogalactopyranoside (IPTG; 1 mM final concentration) for 3 h and then harvested by centrifugation at 6,000 ϫ g. Cell pellets were resuspended in 35 ml of cold lysis buffer (5 mM imidazole, 150 mM NaCl, 1 mM phenylmethylsulfonyl fluoride, 50 mM Tris-HCl, pH 8.0). The suspension was French pressed, and cellular debris was removed by centrifugation at 35,000 ϫ g for 30 min. The soluble lysate was mixed with nickel-nitrilotriacetic acid agarose resin (QIAGEN) and incubated overnight on a rocker before column packing. The column was washed with 10 volumes of binding buffer (5 mM imidazole, 150 mM NaCl, 1 mM phenylmethylsulfonyl fluoride, 50 mM Tris-HCl, pH 8.0). His-tagged proteins were eluted by using a stepwise imidazole elution gradient in binding buffer (50 mM Tris-HCl, 100 mM NaCl, 300 mM imidazole). Fractions were analyzed by 10% Tris-glycine SDS-polyacrylamide gel electrophoresis, and those fractions containing mature GelE were pooled and dialyzed against 50 mM Tris-Cl, pH 8.0. Proteins were concentrated by using Amicon Centriprep 10 centrifugal concentrators. Proteins were ϳ90% pure as assessed by SDS-polyacrylamide gel electrophoresis and Coomassie staining. Proteins were stored at 4°C.
Complementation of FA2-2 with purified proteins. E. faecalis strain FA2-2 (biofilm negative) was grown overnight in M17 broth at 37°C and diluted 1:100 into fresh M17 broth. Two hundred microliters of the diluted culture was used to inoculate a U-bottom polystyrene microtiter plate. Ten microliters of purified gelatinase or His-tagged mature wild-type or E137A mutant protein (range, 0.001 to 1.0 g) was added to triplicate wells, and the plates were incubated for 24 h at 37°C prior to processing as described above. Based on the work of Makinen et al. (24) , the concentration of gelatinase in culture supernatants is approximately 0.5 g/ml.
RESULTS
Analysis of biofilm formation in fsr, gelE, and sprE mutants. In a systematic gene inactivation study of the 18 response regulators identified in the E. faecalis strain V583 (reference 14 and our unpublished data), we found that an fsrA insertion mutant was significantly impaired in its ability to form a biofilm on polystyrene microtiter plates. Since fsrA is part of a regulatory operon (Fig. 1) known to control the production of two secreted proteases, gelatinase and serine protease, we investigated whether the gene products of the fsrB, fsrC, gelE, and sprE genes also contributed to biofilm formation. Insertion mutants of each gene were obtained by single-crossover integration of an internal fragment cloned into the insertion vector p3TET (see Materials and Methods), and they were compared to the parental strain V583. All strains had similar doubling times, reached similar cell densities at stationary phase, and stably maintained the tetracycline resistance associated with the gene inactivation event when tested in THB medium at 37°C (data not shown) (see Materials and Methods). An examination of the biofilm-forming capacity of these mutants on polystyrene revealed that all were attenuated in their ability to form a biofilm, except for the strain defective in serine protease JML105 (sprE) (Fig. 2A) . Detectable gelatinase and serine protease activity was absent from mutants in fsrB, fsrC, and gelE genes (data not shown). The fact that JML104 (gelE) lacked both gelatinase and serine protease activity confirmed that the insertion in gelE exerted a polar effect on sprE expression (33) . Furthermore, strain JML105 (sprE) still exhibited proteolytic activity on 1.5% skim milk agar plates, suggesting that gelatinase accounts for the predominant proteolytic activity on this substrate (data not shown).
To demonstrate that the phenotypes associated with the insertion mutations were due to insertion in the intended target sequence and not to mutations elsewhere on the chromosome, complementation studies were performed for strains JML101 (fsrA) and JML104 (gelE). JML101 was complemented with the replicative vector pAT28 (44) containing the fsrA gene (pML23) (Fig. 1) giving rise to strain JML107. As strain JML104 possessed an insertion in gelE which also prevented sprE expression, we constructed two separate derivatives of pAT28, plasmid pML26 containing gelE and plasmid pML27 containing both gelE and sprE (Fig. 1) , to determine the role of gelatinase with and without serine protease production in the complementation of strain JML104. Strain JML104 complemented with pML26 and pML27 was designated JML109 and JML110, respectively. An examination of the proteolytic activity of these complemented strains on gelatin or skim milk agar plates indicated that the proteolytic activity could be complemented in trans (data not shown). The complemented strains also reacquired the ability to form biofilms on a polystyrene surface ( Fig. 2A) . The presence of the sprE gene in addition to gelE did not quantitatively affect the formation of biofilms. These results confirmed that the phenotypes observed were due to a mutation of the intended target and that complementation by the gelE gene restores biofilm formation even in the double mutant gelE sprE.
Localization of strain FA2-2 biofilm defect to the fsrC gene. In the course of examining our E. faecalis strain collection for biofilm formation on polystyrene, we found that strain FA2-2 was unable to produce a biofilm. FA2-2 is also nonproteolytic on gelatin and casein substrates (40) , suggesting a defect in the fsr or gelE gene or in their expression. To determine whether fsr and gelE were present in strain FA2-2, we performed PCR with DNA templates from strains FA2-2 and V583 with primers RR15P1 and RR15P4 as well as primers RR15P3 and GELE3 (Fig. 1) . Amplified fragments were of the predicted size from both strains, suggesting that the fsr and gelE genes are present in FA2-2 (data not shown). To determine the location of the defect in these genetic loci in FA2-2, we performed complementation studies with a series of pAT28 derivatives containing fsrA, fsrABC, or fsrABC plus gelE and sprE (pML23, pML24, and pML25, respectively) (Fig. 1) . These constructs were chosen to include the three different RNA transcripts found in this region (33) . An analysis of complementation of proteolytic activity demonstrated that fsrA alone was insufficient to restore protease activity (strain JML112), whereas FA2-2 derivatives transformed with fsrABC or fsrABC gelE sprE carrying plasmids (strains JML113 and JML114, respectively) were restored for protease activity on gelatin and skim milk substrates (data not shown). These strains and the control strain JML111 (FA2-2 complemented with vector only) were examined for their ability to form a biofilm on polystyrene. The results depicted in Fig. 2B revealed a significant difference (P ϭ 0.002) in adherence to polystyrene between strains JML111 and JML112 compared to JML113 and JML114, with the latter strains exhibiting four-to eightfold better adherence to polystyrene as assessed by crystal violet staining.
The fact that fsrA alone did not complement the defect in FA2-2 but the presence of fsrABC restored both proteolytic and biofilm-positive phenotypes to FA2-2 indicated that the fsr defect in FA2-2 localized to the fsrBC genes. We amplified and sequenced this region from strain FA2-2 with primers RR15P3 and GELE3 (Fig. 1) . Sequence analysis and comparison to the V583 sequence (http://www.tigr.org) revealed four base changes in the FA2-2 fsrB sequence, two of which resulted in silent mutations and the other two of which resulted in a leucine-to-phenylalanine substitution at amino acid position 39 and a methionine-to-isoleucine substitution at position 111. However, the primary sequence of the peptide lactone (QNSP NIFGQWMG) (27) remained unchanged. In the fsrC gene, we found three nucleotide changes that resulted in missense mutations. Since complementation studies with a plasmid expressing the fsrB gene alone from V583 did not rescue the gelatinase production in FA2-2, it is likely that the mutations in the fsrC gene inactivate the FsrC protein in this strain (data not shown). Characterization of these mutations is ongoing.
Biofilm analysis by confocal laser scanning microscopy. Experiments with glass coverslips as a substrate on which to form biofilms confirmed the defect of strain JML101 (fsrA) in biofilm formation compared to the parental strain V583. Using confocal laser scanning microscopy, we observed first a difference in the formation of initial foci of attachment between the parental strain V583 and the fsrA mutant JML101, with the former showing bigger and more numerous surface-attached microcolonies than the latter (Fig. 3A and B ). At 48 h we then 
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on September 8, 2017 by guest http://jb.asm.org/ observed a well-developed biofilm for V583 with a heterogeneous distribution, consisting of microcolonies of bacterial cells encased in an extracellular matrix separated by interstitial voids (water channels) (Fig. 3C ). This was in contrast to the JML101 (fsrA) strain, which appeared as clusters of small numbers of cells and lacked the three-dimensional architecture possessed by V583 (Fig. 3D, E, and F) . Thus, the fsrA mutation seems to affect both the primary attachment to a solid surface and the growth of the biofilm. Expression of gelatinase is sufficient to restore biofilm formation. As gelatinase expression is dependent on an intact fsr regulatory system (33) and because FA2-2 possessed a defective fsr system, we addressed the question of whether gelatinase expression alone or in combination with serine protease could influence biofilm formation independent of fsr. To this aim, we placed the gelE or gelE together with the sprE coding sequences under the control of the constitutive aphA-3 promoter in the replicative vector pAT28 (44) . The aphA-3 gene encodes a 3Ј,5Љ-aminoglycoside phosphotransferase responsible for kanamycin resistance, which is functional in both grampositive and -negative bacteria (44) . The plasmids obtained, pML29 and pML30, restored protease activity to strain FA2-2 as well as to strain JML101 (fsrA) compared to the nonproteolytic strains JML120 and JML115 carrying the pAT28 plasmid with the aphA-3 promoter alone (pML28) (data not shown). Thus, gelatinase and serine protease could be expressed independently of a functional fsr locus. Examination of the biofilmforming capacity of these strains demonstrated that gelatinase alone, or in combination with serine protease, could also restore a biofilm-positive phenotype to FA2-2 (strains JML116 and JML117) (Fig. 2B ) and JML101 (strains JML121 and JML122) ( Fig. 2A) , even in the absence of a functional fsr system.
Gelatinase enzymatic activity is required for biofilm formation. As expression of the gelE gene was required for biofilm formation, we wondered whether the gelatinase was required for its enzymatic activity or as a protein per se. If the former were the case, then one can envision the existence of a substrate(s) whose processing is necessary for the formation of a biofilm. If the latter possibility were the case, then either the full-length gelatinase somehow contributes to the process of biofilms formation or it is itself a substrate for processing by an unknown enzyme with the resulting peptides having a role in attachment and/or development of the biofilm.
To address this question, we attempted to purify a mature wild-type form of the gelatinase from an overexpressing E. coli strain and a control gelatinase protein presumably inactive due to a glutamate-to-alanine substitution at residue 137 in the active site of the enzyme. Although both proteins were soluble and thus purified as described in Materials and Methods, the wild-type gelatinase did not show any enzymatic activity in a casein plate assay. The mutated form was not expected to have any activity. The reason for this unexpected result is not known at this time. In order to test an active gelatinase enzyme, we then purified the protein from the supernatant of the gelatinase producer strain JML116 (see Materials and Methods). The protein thus purified was active as determined by the casein plate assay, and its N-terminal end sequence was as expected for the mature form of the enzyme (i.e., VGSEVT) as determined by amino acid sequence analysis.
The active gelatinase enzyme purified from the E. faecalis culture supernatant and the two inactive forms isolated from E. coli were then tested for their ability to promote biofilm formation when added to the culture medium of a strain unable to make biofilm (FA2-2). As shown in Fig. 4 , 5 g of purified active gelatinase/ml (final concentration) could induce biofilm formation by strain FA2-2 to a level comparable to the one observed for strain V583. The wild-type inactive (data not shown) or the mutated gelatinase proteins from E. coli did not promote biofilm formation when used at the same concentrations.
These results strongly suggest that the enzymatic activity of gelatinase is required for its role in biofilm development.
DISCUSSION
Gelatinase is a member of the thermolysin-like M4 family of proteases (TLPs) that includes enzymes from pathogens such as Legionella, Listeria, Clostridium, Staphylococcus, Pseudomonas, and Vibrio (2). Many of these bacterial metalloproteases have been found to be associated with virulence, while eukaryotic members of the family (so-called matrix metalloproteases) (16) were shown to be involved in a number of processes in humans, including the processing of precursors that play modulation roles in the formation of tumors (20, 25) . Thus, metalloproteases of the M4 family have attracted increasing attention as model proteins for the development of specific inhibitors that can be applied to disease treatment (41) . Our finding of the role of gelatinase in biofilm development in E. faecalis raises the possibility that protease inhibitors may also be relevant, synergistically with antibiotics, in the treatment of biofilm-based pathogeneses such as infective endocarditis.
Gelatinase has been implicated in E. faecalis virulence by both epidemiological data and animal model studies (7, 11, 26, 29, 37, 38) . Biochemical analysis of purified GelE showed that it cleaved a number of substrates in vitro, including insulin-␤ chain, Azocoll, insoluble collagen fragments, and endothelin-1, at primarily hydrophobic amino acids (24, 25, 48) . It was also found to degrade the pheromone and inhibitor peptides involved in conjugative plasmid transfer in E. faecalis (24) . Recently, it was shown that GelE functions to clear the bacterial cell surface of misfolded proteins (48) . A role for GelE in the activation of an autolysin and in the degradation of polymerized fibrin was also suggested by the same study (48) . Those authors proposed that GelE acts to increase the dissemination of E. faecalis in high-density environments by fitting the twostep model of Streptococcus pyogenes infection described by Rasmussen and Bjorck (34) . In the first phase, at low bacterial cell density, a low level of bacterial proteolytic activity leads to attachment mediated by surface proteins. In the second phase, at high bacterial cell density, high levels of proteolytic activity promote bacterial dissemination by cleaving bacterial attachment proteins and host tissue proteins. Our finding that GelE is required for bacterial attachment to a surface and the growth in biofilms argues against that proposal. Certainly, the absence of GelE in E. faecalis is highly pleiotropic and affects many phenotypic aspects of the pathogenicity of this organism. The present results show that GelE is required for the formation of biofilm, and it promotes the aggregation of the cells in microcolonies to form the primary attachment site and subsequent VOL. 186, 2004 GELATINASE CONTROL OF BIOFILM DEVELOPMENT 5635
on September 8, 2017 by guest http://jb.asm.org/ development into a three-dimensional structure. We envisioned two possibilities for this function of GelE. Either the gelatinase proteolytic activity is required to efficiently initiate the attachment of E. faecalis to surfaces or the physical presence, not the enzymatic activity, of GelE is the crucial requirement. It seems intuitive that cleavage of a bacterial surface protein(s) may be required to promote the attachment of the cells to a given surface to form the biofilms (the abiotic surfaces used in our experiment should not presumably provide any substrate involved in the process). Since GelE is known to play a role in cell separation (48) , the surface of a gelE-deficient cell may be sufficiently altered by this lack of enzymatic activity to prevent the cell from attaching to hydrophobic surfaces such as plastic or glass. Perhaps the uncleaved surface protein(s) is more hydrophilic and lacks affinity for such surfaces. While it is widely inferred that GelE is a virulence factor for E. faecalis, proof of this notion in vivo is not definitive (7, 38) . The modification of surface hydrophobicity by its presence, suggested by our results, is another piece of circumstantial evidence that GelE or its inhibition could be important in the initiation of infection in susceptible individuals. This would be keeping with the hypothesis of Rasmussen and Bjorck (34) , who suggested that host proteinase inhibitors inhibit proteolysis by bacterial enzymes early in infection. In the E. faecalis situation, the recruitment of host proteinase inhibitors to GelE would lead to altered surface characteristics and altered presentation to the immune system and other host defenses. In support of this hypothesis, Makinen et al. in fact showed inhibition of gelatinase activity by a host inflammatory exudate (24) . Our inability to generate an active gelatinase from an overexpressing E. coli system (despite numerous attempts and conditions or even in the presence of the propeptide sequence) did not allow us to test whether active site mutants of GelE would be active or inactive in promoting biofilm formation. Certainly, the purified enzyme from E. faecalis was sufficient to complement gelE and the fsr defect in biofilm formation, while an inactive gelE protein purified from E. coli was not. These observations strongly support the hypothesis that the processing of a substrate(s) by GelE is required to form a biofilm. The fact that an active GelE protein could not be purified from E. coli suggests that perhaps this organism lacks some crucial component for correct folding or modification of the protease. A precedent for an additional requirement for the folding and maturation of an extracellular protease was found in Streptococcus pyogenes; for its activation, the SpeB extracellular cysteine proteinase requires the streptococcal M1 protein, a fibrous surface protein and virulence determinant (6) , in addition to the peptidyl-prolyl isomerase activity of the cytoplasmic trigger factor chaperone (22, 23) .
Clearly, proteolysis and its regulation are important aspects 
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on September 8, 2017 by guest http://jb.asm.org/ of bacterial pathogenesis, and the role of GelE in enterococcal biofilm formation confirms this notion. Unlike GelE, the serine protease encoded by the E. faecalis sprE gene is not involved in biofilm formation and does not have an additive effect with GelE, at least in our assay conditions. However, SprE was reported to have a role in enterococcal infection when a mouse peritonitis model (32) or the nematode C. elegans killing model (37) was used. In the latter model, an additive effect of GelE and SprE was also noted. Our results represent the first documented link between a two-component system (Fsr), a molecular entity (GelE), and biofilm formation in E. faecalis. A previous report suggested the product of the esp gene, a cell surface protein, was critical for biofilm formation by E. faecalis based on epidemiological studies (43) . The same study, however, also showed that espdeficient mutants of E. faecalis were fully capable of forming biofilms, thus leaving open the question of whether Esp has a role in this process or not (19) . The E. faecalis V583 strain used in our study was shown to be esp deficient, as it lacks the region within the pathogenicity island that carries this gene in other strains (36) . Yet strain V583 is fully capable of forming biofilms on abiotic surfaces, thus confirming that Esp is not a requirement for this type of bacterial growth, at least in the conditions used here, although we cannot rule out the possibility of a synergistic effect with GelE. Esp-independent biofilm formation was also reported by Kristich et al. with strain OG1RF (19) . The same study incidentally reported the enhancement of biofilm formation by GelE.
Our study also indicates that through the control of gelE expression, the fsr two-component system is the only one among the 17 systems identified from E. faecalis V583 as being involved in biofilm formation (reference 14 and our unpublished data; Hancock and Perego, Abstr. 103rd Gen. Meet. Am. Soc. Microbiol. 2003). Deletion of the other nonessential systems indeed did not affect biofilm growth, at least not at a detectable level in our assay. Although synergistic effects of two or more systems cannot be ruled out, it appears that GelE is a major requirement for biofilm development, as its sole expression can complement the lack of the FsrA response regulator or the lack of the FsrC histidine kinase (Fig. 2) . Additionally, if one assumes that the basal OD of the fsrA mutant or of the fsrC mutant strain FA2-2 in the microtiter plate assay is equal to an inability to form a biofilm, as supported by the confocal microscopy images of Fig. 3B and D, then it is possible to conclude that the gelatinase enzymatic activity is necessary and sufficient (in the presence of a hypothetical substrate [s] and in the absence of the fsr system) for biofilm formation in E. faecalis V583. Furthermore, overexpression of gelE from the kanamycin promoter in a multicopy plasmid resulted in higher biofilm accumulation than in the control strain carrying a single copy of the gelE gene. (Fig. 2B) . Accordingly, biofilm density was directly proportional to the concentration of GelE in the medium, as shown in Fig. 4 . These observations, together with the knowledge that gelE expression is dependent upon an active FsrABC system (32) , indicate that any physiological or environmental signal affecting the activation of the Fsr two-component system or the activity of its quorum-sensing, regulating peptide FsrB, if any, will have an impact on the efficiency of biofilm formation.
To this regard, it should also be pointed out that the role of the Fsr system in enterococcal biofilm formation does not seem to have any resemblance to the role of its counterpart systems AgrABCD of Staphylococcus aureus and ComCDE of streptococci in the respective ability of these organisms to develop biofilms. These three systems belong to the so-called agr-like subfamily of two-component signal transduction systems identified in gram-positive bacteria and are known as quorumsensing systems for the presence of a third component, a secreted signaling peptide, in addition to a membrane-bound histidine kinase and an intracellular response regulator (18) . This type of quorum-sensing system has been found to regulate a variety of physiological activities in gram-positive organisms, including competence development in streptococci and Bacillus subtilis, antibiotic biosynthesis in Lactococcus lactis, and induction of virulence factors in S. aureus (1, 5, 9, 10, 17) . Recently, it was reported that the inactivation of the genes encoding the ComD histidine kinase or the ComE response regulator of Streptococcus mutans resulted in the formation of a biofilm with a reduced mass, while the inactivation of the comC gene encoding the signaling peptide gave rise to a biofilm with a defective architecture probably due to a defect in cell separation. An additive effect of the comDE and comC mutations was also reported previously (21) . These observations suggested the existence of a second receptor for the ComC extracellular peptide in addition to the ComD competence histidine kinase. In contrast, the FsrB signaling peptide of E. faecalis does not seem to have additional targets other than the FsrC histidine kinase, at least for the biofilm phenotype, since an fsrBC mutant is quantitatively similar to fsrC or fsrA single mutants in biofilm formation. Additionally, the FsrB-containing supernatant of strain JML104 (gelE) did not improve the biofilm defect of the FA2-2 strain, thus ruling out the existence of a secondary pathway, at least in these strains (our unpublished observations). For the process of biofilm formation in staphylococci, there is mounting evidence that the lack of a functional agr system increases the formation of biofilm despite the observation that proteins required for biofilm formation, such as alpha-toxin, are positively regulated by the Agr system (3, 47) . Additionally, there is increasing evidence that whereas secreted virulence factors may be important for establishing infections, the loss of agr function may enhance the long-term survival of staphylococci in the host, thus contributing to persistent infections often associated with biofilm formation (35) . The observations by Vuong et al. (46) that the disruption of the agr locus in Staphylococcus epidermidis resulted in increased biofilm formation and that the S. epidermidis O-47 clinical isolate is an agr mutant further support the notion that the role of the staphylococcal quorum-sensing system in biofilm formation may not be as obvious as generally anticipated. Furthermore, the observation that the expression of agr seen in certain animal models of infections does not significantly affect the expression of virulence factors, as would be expected from in vitro data, suggests that the role of quorum sensing in staphylococcal infections is not as clear as originally presented (12, 13, 49) .
Clearly, the involvement, if any, of peptide-controlled systems in biofilm formation in gram-positive microorganisms is species specific and apparently requires the activation or inactivation of a myriad of known and unknown genes, making the general understanding of the pathway a very complex task. VOL. 186, 2004 GELATINASE CONTROL OF BIOFILM DEVELOPMENT 5637
This also means that there will probably be the need for selective and targeted pharmaceutical approaches for the control of bacterial infections in cases of biofilm development.
